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Abstract— The effects of 63 MeV proton irradiation on the
dc and RF performance of a 0.12 ym CMOS technology is
presented for the first time. The radiation response of the
CMOS devices was investigated up to an equivalent total gamma
dose of 1.0 Mrad(Si). Measurements of the dc current-voltage,
low-frequency (1/f) noise, S-parameters, and broadband noise
characteristics of the devices were performed before and after
irradiation at room temperature. These scaled CMOS devices
show a very slight degradation of threshold voltage, transconduc-
tance (g.), and 1/f noise after proton irradiation without any
intentional radiation hardening. High-frequency measurements
on the irradiated devices show that there is very little or no
perceptible degradation of S-parameters, cut-off frequency (fr),
or broadband noise characteristics to 1 Mrad(Si) exposure levels.
These results suggest that this 0.12 ;m CMOS technology is well-
suited for the development of total-dose radiation tolerant analog
and RF circuits without additional radiation hardening.

I. MOTIVATION

Aggressive scaling into the deep sub-micron regime has
enhanced the frequency response and noise performance of
standard Si CMOS devices. This performance improvement,
coupled with its high-density integration capability, cost effec-
tiveness, and manufacturing maturity makes CMOS technol-
ogy attractive for integrating RF front-ends and the base-band
analog and digital circuitry onto a single chip. Down-scaling
of CMOS devices also natually requires thinner gate oxides,
which is known to have a significant positive impact on CMOS
device performance in an ionizing radiation environment since
thin, high quality gate oxides exhibit reduced sensitivity to
total dose radiation effects. The superior radiation response
of aggressively scaled CMOS technologies can thus be po-
tentially harnessed in the development of radiation tolerant
electronic systems. Applications of radiation-tolerant CMOS
integrated circuits include satellite systems, space missions,
imaging and high energy physics detectors. The effects of
ionizing radiation on the dc, low-frequency noise, and small-
signal performance of CMOS devices have been previously
reported [1] - [4].

In this paper, we present for the first time proton radiation
effects on the dc, low-frequency (1/f) noise, small-signal,
and RF noise performance of a aggressively-scaled 0.12 um
CMOS technology. Off-state leakage and radiation-induced

shift of threshold voltage and transconductance are used to as-
sess the DC performance of the devices. Low-frequency (1/ f)
noise measurements were used to understand the radiation-
induced oxide charge buildup. RF performance of the CMOS
devices under proton radiation was characterized using S-
parameter and broad-band noise measurements, and used to
assess its capabilities for RF circuits.

II. EXPERIMENT

The MOSFETs used in this study are contained in a fully-
integrated, SiGe HBT BiCMOS technology [5]. The process
offers CMOS devices in 1.2V and 2.5V flavors (Lg drawn
of 0.12um and 0.24um respectively. nFETs with a drawn
W/ L of 10/0.12 were selected for dc and low-frequency noise
measurements. Multi-fingered NMOS devices were chosen for
the small-signal ac and broadband noise characterization. For
brevity, the pFETs are known to be radiation hard and are not
addressed here.

The samples were irradiated with 63.3 MeV protons at the
Crocker Nuclear Laboratory at the University of California
at Davis. The dosimetry measurements used a five-foil sec-
ondary emission monitor calibrated against a Faraday cup. The
radiation source (Ta scattering foils) located several meters
upstream of the target establish a beam spatial uniformity of
about 15% over a 2.0 cm radius circular area. Beam currents
from about 5 nA to 80 nA allow testing with proton equivalent
gamma doses from 10 krad to 1 Mrad. The dosimetry system
has been previously described [6], [7], and is accurate to
about 10%. At a proton fluence of 1 x 10'2 p/cm?, the
measured equivalent gamma dose was approximately 135
krad(Si). The 0.12pum Si nFETs were irradiated with the
gate terminal biased at Vpp (1.2V) and the drain, source,
and substrate terminals grounded for the DC' measurements
(i.e. worst case conidtions), and with all terminals floating
for the ac measurements, at doses ranging from 1 krad to 1
Mrad. Samples for dc measurements were mounted in 24 pin
DIP packages and were wire-bonded. The ac samples were
mounted on ceramic holders and exposed to proton radiation
up to 1 Mrad(Si) equivalent gamma dose.

The dc device characterization was performed using a HP
4155C Semiconductor Parameter Analyzer. The low-frequency
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Fig. 1. Drain current as a function of gate-to-source voltage, before and after
radiation for an nFET with W/L = 10.0/0.12
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Fig. 2. Transconductance (g,,) as a function of drain current, before and
after radiation for an nFET with W/L = 10.0/0.12

noise measurements were performed using a HP 3562 dual
channel dynamic signal analyzer [8]. S-Parameters of the
test devices and their corresponding “Open” and “Short” de-
embedding structures were measured using a HP 8510C VNA.
The conventional “Open-Short” de-embedding technique was
performed on the raw S-parameters of the devices to elimi-
nate the effects of pad parasitics. The high-frequency noise
parameters were measured from 2 GHz to 26 GHz using the
ATN NP5B Noise measurement system, which employs the
“multiple source impedance technique” for the extraction of
noise parameters. The devices under test were biased in the
saturation region from moderate to strong inversion, as this
is the typical biasing condition encountered in most analog
and RF circuits. All the measurements were performed at
room temperature before and after the devices were exposed
to proton radiation.

III. RESULTS AND DISCUSSION

A. dc Performance

The pre- and post-radiation drain current (/p) versus gate-
to-source voltage (Vg g) for the 10um/0.12um nFET is shown
in Fig. 1. The drain current is plotted on both linear and
logarithmic scales. The sub-threshold characteristics indicate
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Fig. 3. The threshold voltage shift as a function of equivalent total dose for
both the 10.0/0.12 nFETSs

that the off-state leakage current increases from about 1 pA
before radiation to about 50 nA after a total dose of 1 Mrad.
This off-state leakage is attributed to the device region where
the poly-silicon gate overlaps the shallow trench isolation,
where a parasitic inversion channel is produced at sufficiently
high radiation damage. We observe that at equivalent doses
higher than 150 krad, the gate bias has no control over the
leakage current for Vgs < OV as the parasitic conduction
deep in the bulk dominates over the parasitic conduction
at the surface of the shallow trench isolation (STI) corner
[9]. However, this level of parasitic leakage is significantly
better than that observed in 0.18um CMOS technology, and
is attributed to the thinner shallow trench used in the present
technology.

The linear Ip versus Vgg curve shows that there is almost
no perceptible degradation in the drain current in the strong
inversion region of operation. As seen in Fig. 2, the radiation
induced transconductance degradation is almost negligible.
Fig. 3 shows that the maximum radiation induced threshold
voltage shift (AVy,) for the 10/0.12 nFETs is about —2.2mV
at 1 Mrad total dose. As expected, the 0.12 pm nFETs exhibit
a very slight radiation-induced dc performance degradation,
since the devices have a very thin (2.2 nm) high-quality gate
oxide.

B. Low-frequency (1/f) Noise Performance

Low-frequency (1/f) noise in MOSFETs is highly sensitive
to the defects present at or near the Si/5i05 interface. Oxide-
trap charges are mainly responsible for the observed 1/ f noise
in MOSFETs. The drain current noise spectral density is often
modeled by the empirical relation:

K g,
C: WLf
where, K is a process-dependent parameter for 1/ f noise and
Cox is the gate oxide capacitance per unit area.
On-wafer 1/f noise measurements were performed on the
nFETs with W/L of 10/0.12, before and after radiation (at

an equivalent total dose of 1 Mrad). The devices were biased
in the saturation region (Vgs=1.0V, Vpg=1.5V) for relevance
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Fig. 4. Drain noise current spectrum, before and after irradiation, for an
nFET with W/L = 10.0/0.12
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Fig. 5. Magnitude of S2; as a function of frequency, before and after
irradiation, for an NFET with W/L = 2.0/0.12 and 32 gate fingers.

to circuit design. The drain current noise spectral density
(Stq) measured before and after irradiation is shown in Fig.
4. A slight increase in 1/f noise is observed after radiation,
which is mainly due to the radiation-induced increase of oxide-
trapped charges [1], [10]. The results indicate that these ag-
gressively scaled 0.12pm nFETs are less sensitive to radiation-
induced 1/ f noise degradation because of the very thin (2.2nm
in this case) and high quality gate oxide.

C. Small-Signal Performance

On-wafer S-Parameter measurements were performed on
an nFET with 32 gate fingers, each with a unit width of
2.0pm and length of 0.12um. Such a device geometry is of
sufficient size to be useful for RF circuit applications. The
raw S-parameters were de-embedded using the corresponding
“Open” and “Short” structures. Fig. 5 shows a very small
decrease in the magnitude of So; after radiation. The cut-
off frequency (fr) can extracted from the de-embedded S-
parameters and is given by the following relation:

_ gm
fr= 2m (Cgs + ng) @

Fig. 6 shows the measured small-signal current gain (ho1) as
a function of frequency at peak fr for a 2.0/0.12 (32 finger)
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Fig. 6. Small-signal current gain ho; as a function of frequency, before and
after irradiation, for an nFET with W/L = 2.0/0.12 and 32 gate fingers.
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Fig. 7. Cut-off frequency fr as a function of drain current, before and after
irradiation, for an nFET with W/L = 2.0/0.12 and 32 gate fingers.

nFET. A near 20dB/decade slope is obtained across a wide
frequency range both before and after radiation. The cut-off
frequency versus drain current characteristics, before and after
radiation, is shown in Fig. 7. The small decrease in fr after
radiation is due to the slight degradation of g, (2). We see
that the peak fr for the 2/0.12 (32 finger) nFETs is 100 GHz
prior to radiation and is 97 GHz after 1 Mrad total dose, thus
exhibiting a negligible radiation-induced change in the overall
frequency response.

D. Broadband Noise Performance

The main sources of broadband noise in MOSFETSs are the
channel thermal noise, gate resistance-induced thermal noise,
and the induced gate noise. The minimum noise figure can be
described using Fukui’s equation [11]:

Ir

gm(Rg + Rs) 3)

where, f is the frequency of operation, R, and R, are the
gate and source resistances and K is a technology-dependent
fitting parameter.

Using (2), Fp,in can be expressed as

f 27T(Og5 + Ogd)

vV Im

VR, + R, @
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Fig. 8. Minimum Noise Figure and Noise Resistance as a function of

frequency, before and after radiation, for a NMOS device with W/L =
2.0/0.12 and 32 fingers
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Fig. 9. Minimum Noise Figure and Noise Resistance at 5 GHz as a function
of drain current, before and after irradiation, for an nFET with W/ L =2.0/0.12
and 32 gate fingers.

From (4), one would expect a higher F,,;, after irradiation,
due to the slight decrease in g,y,.

Fig. 8 and 9 show the minimum noise figure and noise
resistance as a function of frequency and drain current, before
and after radiation, for an nFET with 32 gate fingers, each
with a W/L of 2/0.12. We observe a very slight degradation
of Fiin, as expected, and almost no change in the noise
resistance after radiation. The associated gain of the device
also remains unchanged after irradiation, as shown in Fig. 10.

IV. SUMMARY

The effects of proton radiation on the dc, low-frequency
1/f noise, small-signal, and RF noise performance of a 0.12
pum CMOS technology is presented for the first time. The
radiation response of nFETs was studied up to an equivalent
gamma dose of 1 Mrad (Si). The nFETs show a very slight
degradation of threshold voltage and transconductance up
to 1 Mrad. The thin and high quality gate oxide used in
these devices also lead to only a small degradation of low
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Fig. 10. Associated gain versus frequency, before and after radiation, for an
nFET device with W/L = 2.0/0.12 and 32 gate fingers.

frequency 1/f noise after proton exposure. The small-signal
gain and cut-off frequency (fr) show a very small decrease
after irradiation up to 1 Mrad(Si). There is no perceptible
change in the RF noise characteristics of the nFETs after
proton radiation. The results indicate that this 0.12 pum CMOS
technology exhibits reduced sensitivity to ionizing radiation
compared to the previous-generation CMOS technologies, and
thus aggressive scaling has a favorable impact on total dose
radiation tolerance, suggeting that it is well-suited for RF and
circuit applications in radiation environments.
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